Evaluating the repose angle of granular materials under different kinds of gravitational conditions is essential for in situ resource exploration on surfaces of other Earth-like planets in the next decades. The forming process of particulate pile under different kinds of gravitational accelerations was simulated by three-dimensional discrete element method (DEM), where the particulate piles composed of normally distributed particles and lognormally distributed particles were considered, respectively. The effects of gravity on the repose angle and contact forces of the particulate pile were investigated. The results show that, for particulate pile composed of normally or lognormally distributed particles, the effect of gravity force on the repose angle is ignorable. For particles with a certain kind of size distribution, the distribution functions of normalized contact forces in the particulate pile under different gravity accelerations show to be in mutual coincidence. No obvious effect of the particle size distribution on the relation between the gravity acceleration and repose angle is observed.
Introduction
Repose angle, the maximum slope angle at which the material is at rest, is a basic and important property of granular materials [1, 2] . The forming of repose angle is a bulk flow behavior of particle system, depending on the collective interactions of individual particles. Above this angle, the material begins to flow; below this angle, the material is stable. The repose angle is an empirical friction parameter that is essential in the models of numerous phenomena involving granular material, most of them actually at slopes close to the repose angle [3, 4] . Therefore, the repose angle of granular materials is relevant for many geomorphological phenomena [5, 6] .
Gravity is the determinant driving force in the forming of repose angle for granular materials, but the correlation of gravitational strength and repose angle is hardly investigated and not well understood. The repose angle that is resulted from the particulate flow driven by gravity is extremely significant in the understanding of the surface geological environment of terrestrial planets, which will be valuable for human in situ exploration and building on the surfaces of the Moon or Mars in the near future. For instance, the surface morphologic features on Earth-like planets such as Mars and Moon are thought to be resulted from the avalanches of loose granules [7] [8] [9] . Meanwhile, the landing and traveling of exploration vehicles on the surface of loose particulate materials will be needed in the explorations on planets such as Moon and Mars for the in situ excavation and collection of surface resources [10] . As gravitation strength varies on different kinds of terrestrial planets, the correlation between gravity and repose angle of loose granules, therefore, is particularly important to clarify the geology conditions of various kinds of planets and to evaluate the environments which might be encountered in the planet explorations.
Until now, the correlation between the gravitation and repose angle of granular materials is still unclear. Although some researchers have been conducted to study about this issue, results from those literatures conflict with each other. For example, the parabolic flight method was employed by Kleinhans et al. [11] to produce low gravity conditions, where the formations of pile were conducted for different kinds of particulate materials, respectively. They pointed out that the repose angle of particles under lunar gravity condition could be increased by about 5°. However, Nakashima et al. [12] conducted experimental tests similar to the work of Kleinhans et al. [11] but proposed that the function of gravity force on the repose angle of particulate pile was negligible. Hofmeister et al. [13] conducted a study about this issue where the repose angle was tested in a centrifuge and a dropping tower, respectively. Their tests pointed out that the repose angle of particles would increase with the decreasing of gravity strength. In the study of Atwood-Stone and McEwen [14] , they used a high-resolution-imaging method (HRI) to test the repose angle of packed sand dunes on the surface of Mars, where no obvious effect of gravity on the repose angle was observed. In the studies of Ji and Shen [15] , the forming process of particulate piles under gravity with different kinds of strength was simulated with 2D discrete element method. And they believed that the repose angle of particulate materials was not correlated to the strength of gravity, at least for the gravity condition ranging from 1/6 to 1 times of gravitational acceleration on Earth.
We recently carried out a numerical study on the forming of particulate pile composed of monodispersed particles under variable gravitations based on three-dimensional discrete element method (DEM) [16] , where the correlation between the gravity and repose angle was evaluated. However, the sizes of granular solids are commonly not monodispersed, no matter on the surface of the Earth or other Earthlike planets. This paper extends that work by investigating the forming process of particulate pile composed of nonmonodispersed particles under different gravitational conditions. The effects of gravity force on the repose angle of particulate pile and contact force within it were investigated. The results obtained would be useful for our further understanding about the formation of particulate pile under different kinds of gravitations.
Methods
2.1. Governing Equations for Particle. The discrete element method (DEM) with soft contact model proposed by Cundall and Strack [17] was employed to simulate the formation particulate piles under variable gravitational conditions. Figure 1 sketched the force diagram of individual particle with size of d p in DEM model, where F n and F t are, respectively, the normal and tangential contact forces on the particle, accounting for the particle-particle and particle-boundary interactions; mg is the gravitational force of the particle. Besides, virtual links between the particle contact points and particle centres [18] were considered as the force networks within the particulate system. As shown in the figure, each connection between two individual particles will be represented by a bar with its colour depth proportional to the magnitude of the contact force. For the particle i in the granular system, the translational and rotational motions with time t are solved by Newton's second law of motion, which is given by
where m i , R i , I i , r i , and θ i are, respectively, the mass, radius, moment of inertia, position vector, and angular displacement of particle i; F n,ij , F t,ij , and T ij are, respectively, the normal contact force, tangential contact force, and moment on particle i, resulting from the contact of particle i with particle j; μ r,ij is the rolling friction coefficient between particle i and j; and g is the gravity acceleration of particle i. Currently, there are three basic contact force models for elastic-plastic collisions at single particle impact scale [17, 19] : Hertz-Mindlin model, simplified Hertz-Mindlin model, and linearly contact model. The Hertz-Mindlin model has been employed in our previous research about this issue [16] . The linear model was in close agreement with HertzMindlin model and even outperformed some of the other more complex models. On this basis, the linear model is employed in the current work for its simplicity in order to reduce computational complexity. Then, the normal and tangential contact forces, F n,ij and F t,ij , in equations (1) and (2) are given by F n,ij = k n δ n + c n δ n , 3
where k n and c n are, respectively, the stiffness coefficient and damping coefficient in the normal direction; k t and c t are, respectively, the stiffness coefficient and damping coefficient in the tangential direction; μ s is the sliding friction coefficient between particles; δ n and δ t are, respectively, the normal and tangential displacements between particle i and j. The parameters k t and c t related to the real mechanical properties can, respectively, be assumed equal to k n and c n in linear model [20] , and they can be described as functions of material parameters of the particle according to the Hertz contact theory: where R * , m * , and E * are the equivalent particle properties which can be calculated in terms of the real particle properties, respectively (R
, and E i are, respectively, the radius, mass, and Young's modulus of particle i; R j , m j , and E j are, respectively, the radius, mass, and Young's modulus of particle j); σ i and σ j are the Poisson's ratio of particle i and j, respectively; and e ij is the restitution coefficient between particle i and j. Additionally, the normal and tangential relative velocities between particle i and j, δ n and δ t , are the functions of the position vector r, angular displacement θ, and radius R of particles:
where the normal unit vector n is described as n = r i − r j / r i − r j . By the integration of δ t and δ n , the tangential displacement δ t and normal displacement δ n between individual particles in equations (3) and (4) can be obtained, respectively.
In the model, the program module for calculating F n,ij and F t,ij is available only when the contact between particles occurs, which is given by
The time step △t should be smaller than the characteristic time τ c , which corresponds to a typical contact time between two colliding particles [17] :
where ρ is the particle density; R is the average particle radius; and G = E/2 1 + σ is the particle shear modulus. ε can be obtained from [21] 2 − ε
which can be approximated by
The appropriate time step for calculating the particle motion equations in dense particulate systems ranges from 20% to 80% of τ c [21] . In this work, considering both of the computation accuracy and costs, the time step for DEM calculation was set to be 50% of τ c . Moreover, the computational domain was decomposed into subdomains to reduce the real CPU costs, and the code was run in parallel on our Dell T7810 workstation, with 32 concurrent execution threads.
Simulation Conditions.
In normal conditions, granular materials on the surface of the Earth or other planets are not monodispersed in particle size. The commonly size Particle size, dp (mm)
Distribution density,
Figure 2: Size distributions of particle samples: (a) samples S n1 , S n2 , and S n3 with normal distributions and (b) samples S lg1 , S lg2 , and S lg3 with lognormal distributions.
3 International Journal of Aerospace Engineering distribution of granular materials in nature world is normal distribution or lognormal distribution. Six kinds of particle samples were considered in the DEM model: sample S n1 , S n2 , and S n3 with different kinds of normal distribution in particle size, as shown in Figure 2 (a); sample S lg1 , S lg2 , and S lg3 with different kinds of lognormal distribution in particle size, as shown in Figure 2 (b). Note that the expectancy value of particle size for all the samples is 4 mm.
As shown in Figure 3 , the point-source dropping method [16, 20] was used to produce the particulate pile packed on a baseplate in our simulations. The baseplate was considered as a special particle with infinite mass following the motion of equation (1) and equation (2) . As shown in Figure 3(a) , at the beginning of the DEM simulation, a horizontally placed circular baseplate was set as the boundary for particle motions, where D was the diameter of the baseplate. And a hopper was set above the centre of the baseplate, where d was the diameter of the outlet. Particles were continuously generated and filled in the hopper. As shown in Figure 3 (b), particles are unloaded from the hopper, dropped onto the centre of the baseplate, and piled up gradually on the baseplate, owing to the action of gravity force. As shown in Figure 3 (c), the emulation of the model would be stopped until a particulate pile was fully packed on the baseplate, where H is the height of the packed particle pile. Then the discharge outlet of the funnel was closed, and the simulation would continue until the granular pile became stable. For all cases of our simulations, the iteration of particle motion equations will be stopped when the velocity of all particles is no more than 0.1 mm/s. And then it was considered that the static state of the powder pile was achieved. The repose angle of the pile can be calculated as a function of the pile height H and baseplate diameter D, which is given by
The material properties of particle sample and baseplate were supposed to be glass and steel, which had been used in our previous work [16] , as shown in Table 1 . Note that, in the model, the sliding and rolling friction coefficients of particle-baseplate are set larger than that of particle-particle in order to ensure the forming of particulate pile on the surface of the baseplate.
Four kinds of gravity accelerations will be used for the formation of particulate pile in our DEM simulations: 0.17g 0 , 0.44g 0 , g 0 , and 3g 0 , respectively, where g 0 is the gravity acceleration on Earth. Figure 4 . As seen in the figure, no obvious variation occurs to the macroscopical profile of the pile when the strength of the gravity changes, although some local differences exist between the piles due to the random motion of individual particles during the formation process. The variation of repose angle calculated according to equation (11) is no more than 1°when the gravity changes from 0.17g 0 to 3g 0 . So it comes to the conclusion that the effect of the gravity strength on the repose angle of pile is negligible. This law agrees with the particulate pile composed of monodispersed particles [15, 16] . 
Results and Discussion

International Journal of Aerospace Engineering
For the particulate pile illustrated in Figure 4 , the corresponding contact forces between particles within them are plotted in Figure 5 . Based on the morphology of the contact-force networks in the piles, as plotted in Figure 5 (a), it can be found that the strength of the contact forces within the particulate pile increases when the gravity acceleration increases. The local structures of the force network in the piles differ from each other when the gravity acceleration changes. Figure 5(b) shows the probability distribution functions of contact forces within the piles for different kinds of gravity strength. As seen in the figure, the strength of contact forces increases to a larger magnitude when the gravity acceleration increases. Similar to the condition of pile composed of monodispersed particles [16] , the distribution function of contact forces for sample S n1 also has a similar shape under different kinds of gravitational strengths, and these distribution functions could be collapsed by just one curve. Then, the distribution functions of contact forces under different kinds of gravitational accelerations are plotted in Figure 5(c) , where the contact forces are presented in dimensionless form, i.e., normalized by the average value of particle gravity in corresponding pile. As seen in the figure, the dimensionless distribution functions under variable gravity accelerations can be nearly fitted by one curve equation. It means that, from the view of statistics, the strength of the contact forces in the particulate pile is linearly proportional to the strength of the gravitational acceleration. Therefore, the distribution law of contact force for monodispersed particles [16] is also followed by the normally distributed particles.
The size distribution of particles is an important factor related to the repose angle [2, 4, 20] , which might affect the correlation between the repose angle and gravity acceleration. To assess this problem, the formation of particulate pile under different gravity accelerations was performed for the six kinds of particle samples, respectively. Figure 6 shows the repose angle of particulate pile for all particle samples under the four kinds of gravitational accelerations, respectively. As can be seen in the figure, the repose angles are different from each other among the particle samples due to the differences of particle size distributions. However, the correlation between the repose angle and size distribution of particles is not the emphasis of this work and will not be discussed in detail. The focus in Figure 6 is that, for a given kind of particle sample, no significant variations occur to the repose angle of the pile when the gravity increases from 0.17g 0 to 3g 0 , suggesting that the repose angle is independent of the strength of gravity no matter for particles with normal size distributions or lognormal size distributions. Therefore, the conclusion can be made that the effect of gravity strength on the repose angle of particulate pile is negligible, and this law will not be affected by the size distribution of particles. Figure 7 shows the effect of gravity acceleration on the probability distribution function of contact force within the pile for the six kinds of particle samples, respectively. Note that the contact forces are, respectively, normalized by the average particle weight in the corresponding pile. As shown in the figure, for a given kind of particle sample, the distribution functions of contact forces under the four kinds of gravity accelerations almost overlapped with each other. As the contact forces are normalized by the gravity acceleration, it means that, from the view of statistics, the contact forces within the particulate pile increase linearly with the strength of gravitational On the basis of the results from monodispersed particles [16] , it can be concluded that the contact forces in the particulate pile scale linearly with the strength of gravitational acceleration, which is not influenced by the size distributions of particles. The contact force F at each contact point between particles, as sketched in Figure 1 , involves the tangential component F t and normal component F n . We define η as the ratio between tangential and normal contact forces at each contact point, which is given by
Contact Forces of Particulate Pile.
Then, the probability distributions of η for contact points within particulate pile under different kinds of gravity accelerations are plotted in Figure 8 for the six kinds of particle 7 International Journal of Aerospace Engineering samples, respectively. As shown in the figure, the distribution functions of η for the six kinds of particle samples differ from each other. However, the emphasis in this work is that the distribution functions of η under different kinds of gravity accelerations can be nearly collapsed into one curve for a given kind of particle sample with normal size distribution or lognormal size distribution. It suggests that, for the contact points within a particulate pile, the ratio between the tangential and normal contact forces is independent of the gravity acceleration, and this phenomenon is not influenced by the size distribution of particles.
Discussions.
From the mechanical equilibrium of a single particulate solid on a slope face, as sketched in Figure 9 (a), the repose angle can be simply considered as the minimum slope angle where the particle can move downslope. This slope angle can be determined when the component of the particle weight along the slope direction is no more than the friction force acting on the particles on the slope surface [12] . When examining the equilibrium equation of the repose angle, it is easy to understand that the magnitude of gravity is irrelevant to the repose angle, as the gravity term for both the tangential and normal forces is identical and thus cancels out of the equation entirely. However, as sketched in Figure 9 (b), the repose angle is the collective interactions of a cluster of individual particles, where the force equilibrium principle for a single particle (Figure 9(a) ) is not applicable. Theoretically speaking, the whole contact- (Figure 7) , and the ratio between the tangential and normal contact force at the contact points will not be influenced by the gravitational acceleration ( Figure 8 ) for all the powder samples with normal size distributions or lognormal size distributions. It seems that when the gravity acceleration changes, the forces at contact points in the particulate pile just have changes in magnitudes but not in directions. Therefore, the force balance for all contact points in the pile will not be broken by the variation of gravitational acceleration, and thus the whole force networks supporting the pile with a certain repose angle can keep in balance. That is why the repose angle of particulate pile does not change when the strength of gravity acceleration varies. Combined with our study for monosized particles, we can speculate that the mechanical balance of the contact-force network, which supports the particulate pile and determines the repose angle, is not affected by the strength of gravity acceleration. This might be a basic law underlying the formation of particulate pile which is independent to the particle size distributions. Besides, the specific values of contact forces within the granular pile, which can be expected, are correlated with the contact model employed in the DEM simulation. In our previous DEM simulations, the contact model used to calculate the contact forces between particles is Hertz-Mindlin model. In this work, however, the same conclusion that the repose angle is not affected by the gravity strength is still obtained, with the linear model. So, we proposed that the contact force model between particles plays an ignorable role in the relationship between the repose angle and gravity. For non-monosized particles which are normally distributed or lognormally distributed, our results still agree with the viewpoint that the repose angle is independent of the strength of gravity. We speculate that the repose angle of particulate pile is an inherence of granular materials just related to physical properties of particles but independent of the strength of gravity, although gravity is the original driving force leading to the repose angle of particulate pile. Recently, the assumption that the repose angle increases with the decreasing of gravity has been used by some researches [10] to evaluate the forming processes of dune gullies on the surface of Mars. If the results in this paper can be validated by in situ experiments, then many such works and discussions will need to be revisited. However, it should be noted that our conclusion is obtained in an ideal condition, where the interaction forces between granular particles considered in the numerical model are just the pure contact force resulted from elastic-plastic deformations. Under actually conditions, other interaction forces such as cohesion forces, liquid-bridge forces, and electrostatic forces might exist in some granular materials. These kinds of interaction forces can influence the repose angle of granular pile greatly and are coupled with the gravity force [22] . In such conditions, the conclusion obtained in this work may be inapplicable. For instance [13] , Van der Waals force is an unavoidable cohesion force between too fine powders and will increase the value of repose angle. Therefore, for fine powder materials, the weight of Van der Waals force will become greater as the gravity decreases and leads a larger repose angle to the granular pile. Besides, the experimental environment might be another factor affecting the testing results. For the tests of Kleinhans et al. [11] conducted on a parabolic flight, they found that, when the gravity decreased, the static repose angle increased with 5°but the dynamic repose angle decreased with 10°, i.e., the avalanche size becomes greater. The aircraft vibration was an inevitable environment factor and might make a great influence on the powder avalanches. Maybe the role of aircraft became greater when the gravity decreased and thus enhanced the size of powder avalanches.
Conclusions
(1) For particles normally distributed or lognormally distributed in size, the effect of the gravitational acceleration on the repose angle of pile is negligible, although gravity is the original driving force for the formation of particulate pile (2) From the statistical view, for a pile composed with normally distributed particles or lognormally distributed particle, the contact forces within the pile are 9 International Journal of Aerospace Engineering linearly proportional to the gravitational acceleration. The ratio between tangential and normal contact forces at contact points of a pile is independent of the gravitational acceleration. This law will not be affected by the size distribution of particles In some previous literatures, it is found that the repose angle was increased or decreased by a certain extent when the gravity changes. That is entirely opposite to our results that the repose angle is not related to the gravity force. It must be stated that the conclusion of this work is achieved under the ideal condition where just the pure contact force of elastic-plastic deformation between particles was considered. In actual conditions, many other parameters will affect the repose angle of granular pile such as particle shape, roughness of the baseplate, cohesion forces among particles, and testing environment factors. These parameters would make combined effects on the repose angle with the gravity force. And then, the conclusion that the repose angle is independent on the gravity may need an amendment. This issue under more complex conditions will be studied and discussed in our future work.
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